Chloroplast development requires coordinate nuclear and chloroplast gene expression. A putative signal from the chloroplast couples the transcription of certain nuclear genes encoding photosynthesis-related proteins with chloroplast function. We have identified at least three Arabidopsis nuclear genes (GUNl, GUNP, and GUN3) necessary for coupling the expression of some nuclear genes to the functional state of thechloroplast.
Introduction
The cells of multicellular plants and animals differentiate into a wide variety of specialized cell types with distinct structures and functions. In higher plants, plastids (chloroplasts are one type of differentiated plastid) assume characteristic structures that are consistent with their organellar functions (Kirk and Tilney-Basset, 1978; Whittaker and Danks, 1978) . In the photosynthetic mesophyll Cells of a leaf, proplastidsdevelop intochloroplasts. In contrast, proplastids differentiate into starch-containing plastids (amyloplasts) in root cortical cells. In dark-grown (etiolated) plants, the mesophyll cell plastids develop into etioplasts, characterized by their central array of paracrystalline tubules (i.e., prolamellar bodies). When dark-grown plants are transferred to the light, the etioplasts differentiate into chloroplasts. Thus, both environmental signals, such as light, and intrinsic signals determine the developmental fate of the undifferentiated proplastid.
There is a complex interplay of regulatory signals between the nucleus and cytoplasmic organelles during development. The nuclear genome encodes both structural and regulatory proteins required for organellar development. Mutations of either class of nuclear gene can interfere with organelle function or biogenesis (RBdei, 1973; Taylor et al., 1987; Tzagoloff and Dieckmann, 1990 ). For example, mutations of the nuclear DE T and COP genes of Arabidopsis thaliana cause dark-grown plants to develop leaves and chloroplasts and to express light-regulated genes inappropriately, as if they were grown in the light (Chory et al., 1989a; Chory and Peto, 1990; Chory, 1991; Deng and Quail, 1992) . A second class of Arabidopsis genes, the HY genes, plays a critical role in light perception. hy mutants show reduced light responses and incomplete chloroplast development, with reduced chlorophyll accumulation and less extensive grana thylakoid membrane stacking (Chory et al., 1989b) . Thus, although a plastid contains itsown genome, the nucleus plays a major role in determining the developmental fate of plastids (Kirk and Tilney-Basset, 1978; Whittaker and Danks, 1978) .
Furthermore, organelles signal as well as respond to the nucleus. In yeast, for example, molecular oxygen and heme, synthesized in mitochondria, regulate the transcription of nuclear genes that encode mitochondrial proteins (Forsburg and Guarente, 1989) . Similarly, as undifferentiated plastids develop into photosynthetically competent chloroplasts, plants coordinately express many nuclear and plastid genes encoding structural components of the photosynthetic apparatus (Kendrick and Kronenber, 1986) . Genetic or environmental conditions that prevent chloroplast development specifically block the expression of several nuclear genes, such as CAB and RBCS (encoding the chlorophyll a/b-binding protein of the photosystem II light harvesting complex and the small subunit of ribulose bisphosphate carboxylase, respectively), that encode chloroplast proteins associated with photosynthetic function (Harpster et al., 1984; Mayfield and Taylor, 1984) . For example, in bright light, carotenoid-deficient plants suffer severe free radical photooxidation. This results in acoordinate loss of both chloroplast function and CAB transcription in the nucleus (Oelmtiller, 1989; Susek and Chory, 1992) . The accumulation of nuclear-encoded transcripts for nitrate reductase and hydroxypyruvate reductase is also sensitive to photobleaching, even though they encode nonchloroplast proteins with functions related to photosynthesis (OelmDller and Briggs, 1990; Schwartz et al., 1991) . In other studies, nitrogen starvation or the inhibition of plastid transcription or translation from the time of germination blocks CAB messenger RNA (mRNA) accumulation (Oelmiiller et al., 1986; Taylor et al., 1987; Plumley and Schmidt, 1989; Taylor, 1989; Mathews and Durbin, 1990; Rapp and Mullet, 1991) . In contrast, less severe chloroplast lesions, such asachlorophyll biosyntheticdeficiency or a chloroplast translational block in green plants, do not block CAB expression (Harpster et al., 1984; Oelmiiller et al., 1986) .
Thus, it has been hypothesized that signals from both mitochondria and chloroplasts regulate nuclear gene transcription (Forsburg and Guarente, 1989; Oelmtiller, 1989; Taylor, 1989) . In plants, this proposed signal transduction pathway coordinates the expression of a subset of nuclear genes with chloroplast genes during chloroplast biogenesis, maintenance, and senescence Taylor, 1989) . To date, the molecular nature of the signal and its mechanism of transduction to the nuclear transcriptional machinery are unknown. One possibility is that this signal transduction pathway in plants resembles the pathways in yeast in which mitochondrial function and heme modulate nuclear gene expression (Forsburg and Guarente, 1989; Susek and Chory, 1992; Liao and Butow, 1993) .
If a signal transduction pathway between the chloroplast and nucleus exists, then it should be possible to generate mutations that disrupt this pathway and uncouple nuclear gene expression from plastid function. We designed a mutant screen to identify rare mutant plants that express transgenic CAB reporter gene fusions following growth under conditions that prevent chloroplast development. We used the Arabidopsis CAB3 promoter because its expression pattern has been extensively characterized. CAB expression is light dependent, is restricted to green, chloroplast-containing cells, is subject to circadian control, and is initiated early in chloroplast development (Martineau and Taylor, 1986; Gilmartin et al., 1990; Millar and Kay, 1991) . The CA6 promoters contain redundant control elements with identical or tightly linked light-responsive and tissue-specific regulatory elements that interact with a host of transcription factors (Schindler and Cashmore, 1990) . Full regulation of the Arabidopsis CAB genes requires only 209 nt of promoter sequence, although maximal levels of expression require additional upstream sequences (Mitra et al., 1989; Ha and An, 1988) . Of the nuclear genes that respond to the state of the chloroplast in higher plants, only the CAB genes show chloroplast-dependent expression in all plants examined (Taylor, 1989; Susek and Chory, 1992) . Furthermore, much of the effect of the chloroplasts on CAB expression is transcriptional (Batschauer et al., 1986; Simpson et al., 1986; Burgess and Taylor, 1987) .
We used a transgenic line of Arabidopsis that carries CAB3 reporter genes to identify mutations in at least three genes that play a role in coupling nuclear CAB expression to chloroplast function. We designate these genes GUN7, GUNP, and GUN3 (for genomes uncoupled) to indicate the mutant phenotype of uncoupled nuclear and plastid gene expression. These mutants support the existence of a signal transduction pathway between the chloroplast and nucleus. In addition, gun7 mutants are defective in the switch from dark growth to light growth, suggesting that GUN7 also modulates the coordinate changes in the nucleus and chloroplast during early stages of photosynthetic growth. With this novel class of mutants, we can begin to characterize this elusive interorganellar signal transduction pathway.
Results

Construction of a Transgenic Line to Identify Mutants
We constructed a transgenic line of Arabidopsis in which the full-length CAB3 promoter controls the expression of two different reporter genes (Figure 1 ). These reporter genes provide rapid and reproducible assays for CAB3 promoter activity. The double transgene approach should help us distinguish cis-acting mutations in the transgenic construct from trans-acting signal transduction mutations. We pursued only those candidate signal transduction mutant plants that inappropriately expressed both transgenes. The transgenic construct, pOCA107 (Figure l) , contained a 950 bp CAB3 promoter , fused at -9 (with respect to the CAB translation start site) both to the hph gene (encoding hygromycin phosphotransferase), which confers resistance to the antibiotic hygromycin (Gritz and Davies, 1983) , and to the uidA gene (encoding /3-glucuronidase [GUS]), which converts commercially available substrates into colored or fluorescent products (Jefferson et al., 1986) . We transformed the pOCA107 construct into the A. thaliana Columbia ecotype and selected transformants by their resistance to kanamycin (the npN/gene expressed from the constitutive 35s cauliflower mosaic virus promoter). We chose to focus on one transformed line, pOCA107-2, with a single pOCA107 insertion site that maps to chromosome II, 3.0 CM from HY7 (L. Altschmied and J. C., unpublished data). As expected, the transgenes in pOCAl07-2 show light-dependent, tissue-specific, and chloroplast-dependent expression (Table l), as well as the proper transcript 5' end (data not shown).
Isolation of gun Mutants
We screened for mutants of the pOCA107-2 line that expressed both of the CA63 promoter-driven transgenes in the absence of chloroplast development. Figure 2 summarizes the screen. We treated pOCA107-2 transgenic seeds with the chemical mutagen ethyl methanesulfonate and allowed plants (Ml) to self-fertilize (Chory et al., 1989a (Chory et al., , 1989b . To block chloroplast development in M2 seedlings, we treated plants with the herbicide Norflurazon (4-chloro-5-(methylamino)-2-[3-(trifluoromethyl)phenyl]-3-(2H)-pyridazinone), a noncompetitive inhibitor of the carotenoid biosynthetic enzyme phytoene desaturase (Chamovitz et al., 1991) . In the absence of carotenoids, chlorophyll absorbs light to form excited electronic triplet states that react with molecular oxygen to yield free radicals. Thus, without carotenoids, plastids may initiate chloroplast biopocp.107 Figure 1 . Diagram of the Transgenic Construct Used to Select Mutants The chimeric gene construction, pOCA107. was inserted into an Agrobacterium tumefaciens Ti plasmid-derived binary vector and then transformed into A. thaliana. DNA transfer initiates at the right border (RB) of the vector and proceeds to the lefi border (LB). Transformed plants were selected by their resistance to the drug kanamyctn. The structural gene for kanamycin resistance (nptll) is driven by the strong, constitutive cauliflower mosaic virus promoter (35s). The 3' poly(A) site from the Agrobacterium Ti plasmid nopalme synthase gene (nos) aids transcript processing. CA63 is the promoter from the lightinducible Arabidopsis CAB3 gene, encoding the photosystem II light harvesting complex. It drives the expression of hph (for hygromycin resistance) and of uidA (for GUS). Arrows indicate direction of transcription. genesis but are rapidly photooxidized or photobleached (Oelmtiller, 1989) . We first screened Norflurazon-photobleached M2 plants for CABShph transgene expression by growing them for 7-10 days in the presence of 20 ug/ml hygromycin. Putative mutants were large when grown on hygromycin compared with the wild-type pOCAl07-2 and nontransgenic lines (Figure 3 ). For a positive control, we included pHG1, a line of Arabidopsis carrying a transgenic construct similar to pOCAlO7 but in which PAL7 (phenyalanine ammonia lyase) promoters (not affected by Norflurazon treatment) replace the CAB3 promoters (S. Ohl, B. Kraft, J. C., and C. J. Lamb, unpublished data; see also Experimental Procedures) (Figure 3 ). Retarded root development in the mutants relative to the pHG1 control suggested that the CABS-hph transgene expression was confined to the leaves, the normal pattern of CAB expression.
We then performed a secondary screen to assay for the expression of the second CAB3 promoter in Norflurazongrown plants. A cotyledon was removed from each putative mutant and assayed for CAB34dA gene expression using a histochemical stain for GUS activity (Jefferson et al., 1986) . Cotyledons from the putative mutants, but not from the wild-type pOCAl07-2 plants, stained blue ( Figure  48 ). In the absence of Norflurazon, both mutant and wildtype cotyledons stained equally blue ( Figure 4A ).
We screened 100,000 M2 plants and found 227 photobleached plants that appeared hygromycin resistant and that showed GUS histochemical staining. Of these, 138 recovered and were fertile. We assayed their M3 and M4 generation progeny and found 12 independent mutants with heritable mutant phenotypes. The results presented below show that nine of these mutants accumulated endogenous CAB mRNA following growth on Norflurazon. We call these mutants gun (for genomes uncoupled). These mutations appear to be specific for this interorganellar signal transduction pathway because other aspects of CAB promoter regulation are unaffected in the mutants (see below).
We have begun a genetic characterization of the gun mutants to assess the complexity of the putative signaling pathway coupling nuclear and chloroplast gene expression. Each gun mutant represents an independent mutational event, since each originated from a different M2 re grown under continuous light for 5 days and then stained for GUS activity (Jefferson et al., 1986) . In wild-type cotyledons, the CAB3 is expressed in the cotyledons of green seedlings but not in photobleached seedlings. In contrast, the CAB3 promoter is expressed in dons of both green and photobleached gun7 mutant seedlings, -uidA expression is correlated with green sectors in lo-day-old chm mutant plants. Because of the difficulty of realigning the leaves after seed pool. The mutants were backcrossed and the mutant phenotype assayed in the Fl and F2 progeny. The segregation ratios of mutant to wild-type phenotypes suggest that each of the nine mutant phenotypes results from a monogenic recessive nuclear mutation (Table 2) . We have not completed the analysis for a tenth isolate, gunO-4.
Complementation analysis indicates that four of the recessive mutations are allelic. We designate this gene as GUN7 and the four independent mutant alleles as gunl-7, gunl-2, gun73, and gunl-4 (Table 3 ). The mutation gun2-7 complements the gun7 mutations, suggesting that these mutations affect different genes. The low fertility of several mutant lines prevented us from completing the complementation analysis. We designate these remaining mutants as gun0. Two of these, gun0-70 and gonO-34, are neither allelic to one another nor to gunl. Therefore, the The results of complementation crosses are presented as for Table 2. nine recessive mutations represent lesions in three to six different GUN genes.
gun1 Mutations Affect the Accumulation of Both CAB and RBCS mRNAs Signal transduction mutants should express both the CA63 promoter-driven transgenes, as well as the endogenous CA6 genes, despite photobleaching. To test this prediction, we performed Northern hybridization analysis on total RNA extracted from wild-type plants and from mutant seedlings grown on Norflurazon ( Figure 5 ). Wild-type plants, grown under continuous white light without Norflurazon, accumulated high levels of the nuclear-encoded CAB and RBCStranscripts and of the chloroplast-encoded PSA-AS (which encodes the P700 apoproteins of photosystem I) and RSCL (which encodes the large subunit of ribulose bisphosphate carboxylase) transcripts ( Figure  5 , lane wt-Nf). None of these transcripts accumulated in photobleached wild-type plants ( Figure 5 , lane wt).
In contrast with wild-type plants, each of the gun mutants aberrantly accumulated endogenous CAB mRNA when photobleached ( Figure 5 ). Most of the mutants also accumulated nuclear-encoded RBCS mRNA. However, in the photobleached mutants, the levels of CA6 and RBCS mRNAs were approximately lo-fold lower than in the green controls ( Figure 5 , lane wt-Nf). This was confirmed when we examined the levels of GUS that accumulated as a result of CA63 promoter expression. For instance, in the gunl-7 allele, the expression of the CA63-uicfA transgene was approximately 14-fold lower in photobleached gun7 seedlings than in gun7 seedlings not treated with the herbicide (Table 4) . This was in contrast with the pOCA107-2 control, for which CABB-uidA expression was 116-to 500-fold lower in photobleached seedlings (Tables 1 and 4). staining for GUS activity and destaining to remove chlorophyll, we show three independent leaves. The indivrdual leaves were photographed before (top) and after (bottom) histochemical staining for GUS activity. (D) CA83 is expressed in both white and green sectors in the chm, gunl-i double mutant. As in (C), the individual leaves or whole plants were photographed before (top) and after (bottom) staining for GUS activity. The gun1 mutation clearly restores GUS activity in the unpigmented sectors in lo-day-old seedlings.
.___ Norflurazon-mediated photobleaching effectively blocked chloroplast development as determined by several criteria. First, none of the mutants accumulated carotenoids or chlorophylls under the conditions used for the screen (data not shown). Second, the chloroplast-encoded PSA-AB transcripts did not accumulate in either wild type or the mutants, confirming that the plastids were affected by Norflurazon ( Figure 5 ). Third, electron microscopic analysis revealed that Norflurazon treatment blocked chloroplast structural development in both wild-type Arabidopsis and in the gunl-7 mutant (Figure 6 ). Curiously, a second plastid transcript, RBCL, accumulated in most of the photobleached mutants, with the exception of gunl-7 (see Figure 5 ). This may be due to the long half-life of RBCL transcripts (Klaff and Gruissem, 1991; Rapp et al., 1992) . In addition, photobleached gunl-7 showed particularly strong GUS histochemical staining and CAB mRNA accumulation, indicating that it may be asevere allele of GUN7. For these reasons, we initially focused our attention on characterizing gunl-7 and the other gun7 mutants.
gun7 Mutations Affect Chloroplast Dependence but Not Other Aspects of CAB Regulation CAB transcription is regulated by endogenous developmental pathways, as well as by light. Yet these aspects higher levels of GUS activity reported in Table 1 are from lo-day-old seedlings. For chloramphenicol treatment, seeds were sown on sterile filter paper layered on MS agar and then transferred to MS agar containing 150-200 pg/ml chloramphenicol after 45-48 hr of continuous white light. Plants were harvested after an additional week of growth.
of CABexpression appear unaltered in the mutants. Analyses of endogenous CAB mRNA accumulation demonstrated that CAB expression was light dependent in seedlings, repressed in mature light-grown plants transferred to the dark, and under circadian control in both wild-type and gunl-7 mutant plants (Figure 7) . Furthermore, none of the gun mutations perturb the normal pattern of tissuespecific CAB gene expression, since CABS-uidA transgene expression is restricted to the mesophyll layers of leaves in wild-type and gun mutant plants (see Figure 48 ; data not shown). Thus, the gun7 mutations specifically affect signaling between the chloroplast and the nucleus and do not appear to alter other aspects of CAB promoter regulation.
Alternatives to Herbicide-Mediated Chlorosis The primary effect of Norflurazon is to inhibit the enzyme phytoene desaturase, resulting in photooxidative damage to chloroplasts in bright light. We were concerned that possible secondary effects of Norflurazon or partial herbicide resistance in the mutants could complicate the interpretation of our results. Therefore, we sought alternatives for inhibiting chloroplast development.
Treatment with chloramphenicol, an inhibitor of organellar translation, prevented normal chloroplast development and inhibited nuclear CAB34dA expression by 39-fold in pOCAlO7-2 plants (Table 4 ). In contrast, chloramphenicol treatment inhibited CAB3 expression by only 3-fold in gunl-7 (Table 4) . GUS activity is thus 19 times higher in the gunl-7 mutant than in pOCAl07-2 following growth on chloramphenicol. This difference is consistent with our observations from Norflurazon treatments (6-9 times higher in gunl-7 than in pOCA107-2) ( Table 4) .
We also made use of a genetic lesion affecting chloroplast development. Chloroplast mutator chm is a recessive nuclear mutation of Arabidopsis with a variegated phenotype. A single leaf may contain both normally pigmented sectors and albino sectors lacking chloroplast development (Redei, 1973) . Initially, we crossed the pOCAl07-2 transgenic line with chm and observed a pattern of CABSuidA expression that resembled the pattern of chlorophyll pigmentation (see Figure 4C) . Thus, the chm mutation appears to be a suitable genetic substitute for Norflurazon photobleaching in blocking both chloroplast development and CAB expression. We next crossed the gunl-l mutation into the chm background and recovered chm, gunl-l double mutants (see Figure 4D ). In striking contrast with the chm plants, chm, gunl-l double mutant plants clearly stained for GUS activity in both albino and green sectors (see Figure 4D ). We attempted to quantify the differences in CAB3-uidA expression in the green and white sectors of chm leaves in the presence or absence of the gunl-l mutation. We dissected by hand the green and white sectors from chm and the chm, gunl-l double mutant and assayed them for GUS activity using a fluorescent substrate. In six independent experiments, white sectors from the chm, gunl-l plants showed a 2.5 to 3.9-fold increase in specific GUS activity (average 700 U) over the activity measured in white sectors from the chm single mutant (average 240 U). CAB3-uidA expression in green sectors was high and comparable between the two lines (12,000-14,000 U). Though these results are less spectacular than those obtained with chloramphenicol and Norflurazon treatments, they may be explained by the fact that we had to use fully expanded, mature leaves for dissection studies (owing to the very small size of the sectors). We know from other studies using Norflurazon treatments that the highest levels of CA/33-uidA expression in gun1 alleles were observed in young seedlings (5-7 days postgermination), with declining levels seen as the leaves matured and began to senesce (data not shown). The histochemical staining results presented in Figures 4C and 4D were from leaves taken from young plants and therefore appear more striking than the specific GUS activities that we quantified from green and albino sectors of mature plants.
Thus, herbicide treatment, chloramphenicol treatment, and the chm mutation all block normal chloroplast development. They do so by three very different primary mechanisms. Yet in each case CAB expression is severely reduced in wild-type plants, whereas it is partially restored by the gunl-l mutation (by 3-to 20-fold, depending on the treatment).
gun1 Mutants May Be Defective in the Transition from Dark to Light Growth Mutations that disrupt important intracellular signaling pathways might cause severe physiological or morphological abnormalities. Nevertheless, most gun mutants look remarkably normal under most growth conditions" In particular, gunl-l has a nearly wild-type phenotype when grown under conditions of variable day length, light quality, or intensity or when grown in the dark, on soil, or on plates with or without exogenous sucrose (data not shown).
We did observe a subtle phenotypic difference between gunl-l and wild-type seedlings during the transition from dark-grown (etiolated) to light-grown development, a process called de-etiolation. We found that dark-grown seedlings of gunl-l lost the ability to de-etiolate after shorter periods in the dark than the wild type (Table 5) . When dark-grown seedlings were transferred to white light after various times in the dark, a smaller proportion of mutant seedlings than wild-type seedlings de-etiolated. Whereas wild-type seedlings grown on sucrose lost their ability to de-etiolate after 9-10 days of growth in the dark, gunl-l seedlings lost their ability to de-etiolate by 7-9 days of dark growth. This effect on viability was striking; only 11% of gunl-l seedlings turned greened after 9 days of growth in the dark, while 95% of the wild-type seedlings were still able to turn green. Moreover, when dark-grown gun1 .- Wild-type pOCA107-2 and gun7 mutant plants were grown rn the dark for 3, 7, 9, or 10 days and then transferred to continuous white light for at least 7 days before we scored plants with long hypocotyls as green (i.e., cotyledons expanded and pigmented) or dead (i e., fully etiolated).
mutant plants were transferred to the light, they accumulated chlorophyll and developed chloroplasts more slowly and less efficiently than dark-grown wild-type plants (data not shown). The effect on de-etiolation in gunl-1 seedlings was verified using several different seed batches (data not shown). In addition, we assayed this phenotype in two additional gun1 mutants, gunl-2 and gunl-4, and observed that they were also defective in greening, though the de-etiolation defect in these two alleles was not as severe as for gunl-1 (data not shown). This greening defect did not appear to be a result of aberrant growth in the dark. That is, dark-grown gun1 mutants resembled normal etiolated wild-type plants; they failed to accumulate CAB mRNA or chlorophyll, had long hypocotyls and folded cotyledons, and contained etioplasts (data not shown).
Discussion
Genetic Evidence for a Pathway That Couples Nuclear CAB and RBCS Expression with Chloroplast Function Previously published molecular, physiological, and genetic studies suggest that the transcription of several nuclear genes encoding photosynthesis-related proteins is dependent upon chloroplast development (Taylor, 1989; Barkan, 1993) . Here, we provide genetic evidence for the existence of such a signal transduction pathway. We have identified nine nuclear gun mutations that allow the partial expression of the nuclear genes CAB and RBCS in the absence of chloroplast development. Complementation analysis indicates that at least three to six GUN genes function in this signaling pathway(s). By a number of criteria, the gun mutants carry genetic lesions that are specific for a pathway that couples the expression of certain nuclear genes with chloroplast development. First, the gun mutants were not Norflurazon resistant. Norflurazon effectively blocked carotenoid and chlorophyll pigment accumulation (data not shown) and chloroplast development in both wild-type and mutant seedlings ( Figure 6 ). Plastids proliferated in both photobleached strains; however, they were small and irregularly shaped and lacked internal thylakoid membranes. Although the gun mutants lost the chloroplast dependence of CA6 expression, they maintained normal patterns of tissue-specific, cell-type-specific, light-dependent, and dark-adapted CA6 expression (Figures 46 and 7) . gunl-1 also showed a wild-type pattern of CA6 mRNA accumulation following growth under a variety of other controlled environmental conditions, including variable hours of daylight, light quality, light intensity, and supply of exogenous sucrose (data not shown).
Though our original screen relied on the herbicide Norflurazon to block normal chlorcplast development, we have subsequently verified the mutant phenotypes using an inhibitor of organellar translation. Chloramphenicol treatment blocks chloroplast development and simultaneously reduces nuclear CABS-uidA expression by 39-fold in wild-type plants, but only 3-fold in gunl-7 mutants. Finally, a set of genetic experiments using the chm variegated mutant of Arabidopsis also verified that the gunl-1 mutation uncoupled nuclear CA6 expression from chloroplast function. Albino sectors of chm plants have severely impaired chloroplast development, and nuclear CABBuidA is expressed at very low levels in these white sectors ( Figure 4C ). However, CABS-uidA levels are, in general, greater than 3-fold higher in the white sectors of chm, gun1 double mutants versus the chm single mutant. Thus, we have shown that three separate mechanisms of blocking chloroplast function repress nuclear CA6 expression in wild-type plants. In each case, the gun1 mutation partially restores CA6 promoter activity (by 3-to 20-fold, depending on the treatment). Thus, we have multiple lines of evidence in support of the hypothesis that the gun1 mutation uncouples nuclear CA6 and RBCS expression from chloroplast function.
The requirement of nuclear GUN genes for coupling transcription of nuclear genes such as CA6 and RBCS to the functional state of the chloroplast suggests that information flows from chloroplasts to the nucleus. Although the CA6 and RBCS promoters share common sequences that bind some of the same transcription factors, it is not yet clear which of these are responsible for responding to the functional state of the chloroplast (Datta and Cashmore, 1989; Schindler and Cashmore, 1990) . Northern analysis and CABB-uidA expression studies confirm aberrant CA6 expression in photobleached gun mutants, yet the mutations do not restore CA6 expression to its maximum in green plants (Table 4 ). This suggests that this signal transduction pathway from plastids to nucleus is just one factor contributing to the final CA6 and RBCS gene expression responses.
The gun1 mutants appear quite normal at later stages of development and under normal growth conditions were indistinguishable from wild type. However, we observed a deficiency in the greening process during de-etiolation in the gun1 mutants. Although each of the gun mutants develops normally in the dark, three independent gun7 mutant alleles lost the ability to de-etiolate after less time in the dark than the wild type. Moreover, in preliminary experiments designed to examine early greening events, gun1 accumulated chlorophyll and carotenoids and developed chloroplasts more slowly than the wild type (FL E. S. and J. C., unpublished data). This suggests that coupled nuclear and chloroplast gene expression may be especially important during early events in chloroplast differentiation. This is consistent with our results that show CA63 expression in gun7 is highest in very young seedlings (5-7 days old). Further work will be required to determine whether these data reflect a requirement for GUN7 during de-etiolation. Our ongoing molecular and plastid ultrastructural analyses should further detail these ObseNations.
It was unexpected that chloroplast-encoded RBCL transcripts would accumulate in most of the photobleached gun mutants. Clearly, the mutants that accumulate RBCL mRNA are not resistant to photobleaching since they lack detectable chlorophyll and carotenoid pigments and fail to accumulate PSA-A6 transcripts. It is possible that wildtype plants transiently express RBCL early during chloroplast biogenesis, despite photobleaching. Thus, the pho- Figure 8 . Possible Models to Explain gun Mutations (A) gun mutations disrupt a linear, unidirectional signaling pathway from plastid to nucleus. Given the recessive nature of the gun mutations, the simplest model is that a negative regulatory signal from damaged plastids would act to repress nuclear CA6 transcription. gun mutations could affect any of the transduction or perception steps. Our data do not exclude the possibility that a positive regulatory signal from intact chloroplasts could function to activate nuclear CA6 and RBCS transcription. In this model and the following ones, the schematic plant cell (large box) contains a nucleus. The bent, closed arrow in the nucleus represents transcription from CA8 and WCS genes. The open arrowheads depict the signal transduction pathways. (B) gun mutations affect the synthesis of the chloroplast signal. In this model, a normal plastid metabolite (6) serves as the primary signal molecule in a simple signal transduction pathway. As in (A), this could be either a positive or negative regulatory signal. A-B4 represents a hypothetical plastid metabolic pathway. Agun mutation would affect metabolite synthesis or accumulation. If the normal case is a positive signal from functional chloroplasts that activates CAB and RBCS expression, a gun lesion might prevent the conversion of metabolite B to C, thereby elevating the levels of B even after photobleaching. If, instead, metabolite B functions to repress CAB and RBCSexpression after plastid damage, a gun lesion blocking the conversion of metabolite A to B would minimize accumulation of the negative regulator, thereby allowing CA8 and RBCS transcription. (C) gun mutation disrupts a bidirectional communication pathway involving a cytoplasmic informational processor (stippled cube). A hypothetical cytoplasmic component both monitors and responds to the physiological status of the plastid and nucleus. Mutations in this informational processor or in any of the signal transduction steps could lead to a gun phenotype.
tobleached mutants might accumulate RBCL transcripts aberrantly because of elevated or prolonged REEL transcription or because RBCL transcripts are stabilized. This explanation is feasible since photobleaching requires chlorophyll function, and thus the initiation of chloroplast biogenesis, the rates of synthesis, and the stability of chloroplast transcripts can vary greatly among genes or among developmental stages (Deng and Gruissem, 1987; Kuchka et al., 1989; Ngernprasirtsiri et al., 1990; Klaff and Gruissem, 1991; Rapp and Mullet, 1991; Rapp et al., 1992 ). An alternative explanation for our RBCL results is that gun mutants maintain a low level of chloroplast transcription, despite photobleaching, that may be sufficient for RBCL transcript accumulation. Regardless of the explanation, our major focus was gun 7-7, a particularly strong gun allele that does not show the unexpected RBCL transcript accumulation.
Possible Roles of GUN Genes
The GUN genes appear to coordinate nuclear CAB and RBCS transcription with chloroplast function; nevertheless, the identity of the primary signal molecule and the method of its transduction are unknown. We propose three models for this interorganellar signal transduction pathway.
In the simplest model ( Figure 8A ), chloroplasts or damaged chloroplasts produce either a positive or negative regulatory signal, respectively, that is transduced to the nucleus, where it affects CABand RBCStranscription. The nuclear GUN genes could function in signal transduction or response in such a simple unidirectional pathway. Given the recessive nature of the mutations, it appears likely that a pathway functions to repress CAB and RBCS expression. We do not have data to address whether a positive signaling pathway also exists.
Alternatively, thegun mutations may affect the synthesis of the plastid signal itself (Figure 88 ). The signal could be a normal plastid metabolic pathway intermediate or product. For instance, metabolite B could be a positively acting signal. Photobleaching might diminish the metabolic flux through this pathway and thus reduce the levels of the positive signal. A gun lesion could block the conversion of B to C and thereby restore high levels of metabolite 6 and CAB gene expression. Alternatively, metabolite B could be a negative regulatory signal that accumulates to high levels only in photobleached plants. A gun mutation that blocked the conversion of metabolite A to B could thus prevent synthesis of the negative regulator, leading to derepression of CAB gene expression. Although herbicide-treated plastids are impaired functionally, they likely retain some metabolic activities (e.g.? lipid and porphyrin biosynthesis) because the plants recover when rescued from the herbicide. Yeast provide a precedent for an organellar metabolite functioning to modulate nuclear gene transcription. In yeast, mitochondrial heme appears to modulate the activity of nuclear transcription factors that specifically regulate nuclear genes encoding mitochondrial proteins (Forsburg and Guarente, 1989 ).
The final model involves a multidirectional flow of information through a cytoplasmic component that integrates and responds to a host of physiological cues ( Figure 8C ). Such a cytoplasmic regulator could couple nuclear and chloroplast gene transcription. gun mutants might affect the cytoplasmic regulator or the signal transduction steps, From these three models, we can envision a nuclear, cytoplasmic, or chloroplastic site of localization for the GUN gene products.
Complex Intracellular Regulatory Network among Organelles
There is growing evidence for a complex intracellular regulatory network controlling organellar development. Other nuclear genes, such as DET, HY, and COP (Chory et al., 1989a; Chory and Peto, 1990; Chory, 1991; Deng and Quail, 1992) , that act to couple leaf development and chloroplast biogenesis to the light environment are additional components of this complex regulatory network controlling chloroplast biogenesis. Genetic studies provide evidence for mitochondrial involvement in chloroplast development as well. The variegated pigmentation mutant used in this study was named chm (chloroplast mutator) to suggest that this recessive nuclear mutation caused mutations of the chloroplast genome, resulting in cytoplasmitally inherited variegation (Redei, 1973) . A recent study demonstrates that chm instead generates mitochondrial genome deletions and rearrangements, apparently without altering the plastid genome (Martinez-Zapater et al., 1992) . The resulting mitochondrial deficiencies block chloroplast biogenesis. Similarly, the maize nonchromosomal stripe (ncs) mitochondrial mutations confirm a role for mitochondria in chloroplast development (Lauer et al., 1990; Roussell et al., 1991) . One likely explanation is that mitochondria supply the energy requirements for chloroplast differentiation (Leaver and Forde, 1980; Wellburn, 1984; Owen and Wellburn, 1987) . In addition, chloroplasts supply lipids and heme to the developing mitochondria (Stumpf, 1980; Howe and Smith, 1991) . In yeast, the nuclear RTG7 and RTG2 genes control the interorganellar communication among mitochondria, nucleus, and peroxisomes (Liao and &tow, 1993) .
We previously suggested that a chloraphyll precursor, heme, or other porphyrin could act as the signal between chloroplast and nucleus (Susek and Chory, 1992) . This same signal could play a larger role in the regulatory network by also helping to coordinate chloroplast and mitochondrial functions. There is precedent for porphyrins assuming regulatory functions. For example, chlorophyll precursors specifically inhibit CAB mRNA accumulation in Chlamydomonas (Johanningmeier and Howell, 1984) . Heme is a feedback regulator of porphyrin biosynthesis in plants (Johanningmeier and Howell, 1984; Goodwin and Mercer, 1985) . In yeast, heme also regulates the import and processing of nuclear-encoded mitochondrial proteins as well as the transcription, accumulation, and translation of their mRNAs (Johanningmeier and Howell, 1984; Forsburg and Guarente, 1989 ).
Summary
Chloroplast biogenesis involves complex cross-talk among the chloroplast, nucleus, and mitochondrion. The coordinated efforts of these organelles afford plants an amazing potential for development and adaptation to changing environmental conditions. We have screened for mutants displaying aberrant CA63 promoter-driven transgene expression and identified a class of mutations that affects the branch of the network that couples nuclear CAB and RBCS gene expression to chloroplast function. The gun mutants will serve as useful tools for further dissection of this intricate intracellular signal transduction pathway.
Experimental Procedures
Construction of the pOCA107-2 Transgenic Line of Arabidopsis We created the pOCAl07 transgenic construct by modification of pOCA18 (Olszewski et al., 1988) . Initially. the nopaline synthase promoter of pOCA18 was replaced by the cauliflower mosaic virus 35s promoter (Herrera-Estrella et al., 1983; Ow et al., 1986) . We next created two transcriptional fusions (-9 to ATG) between the A. thalrana CAB3 (also called CAB Al3180 [Leutwiler et al., 19861) promoter and either the uidA (GUS [Jefferson et al., 19FJ6] ) or hph (Gritz and Davies, 1983) coding sequences. We added nos terminator sequences, then inserted the CA53 reporter gene fusions between the right border and the 35S-nptll-110s fusion. This yielded pOCA107. We introduced pOCA107 into A. thaliana ecotype Columbia using a modified version of the standard Agrobacterium-mediated root transformation protocol (Valvekens et al., 1988; Chory and Peto, 1990 ) generating more than 30 independent transgenic lines. We picked one line, pOCAl07-2, for which the segregation of kanamycin resistance suggested a single pOCA107 insertion site. The pOCA107-2 transgenic insertion maps to chromosome II, 3 CM from hyl (L. Altschmied and J. C., unpublished data).
Plant Material, Growth Conditions, and Genetic Methods Seeds (50,000) of the pOCAl07-2 transgenic line were mutagenized with ethyl methanesulfonate, as previously described (Chory et al., 1989a) . These Ml seeds were sown on soil and allowed to selfpollinate. M2 seeds were harvested in 200 pools. We surface stenlrzed 100,000 M2 seeds and then plated them on Murashige-Skoog (MS) agar plates containing 2% sucrose, 85 vitamins, 5 uM Norflurazon (provided by Sandoz Chemical Company), and 20 vg/ml hygromycin B (Boehringer Mannheim). Plates were chilled at 4OC overnight and then maintained at 20°C-220C under a mixture of fluorescent and incandescent lights that provided continuous high fluence light (2 x lO'6 quantals/cm2). We measured light intensities with a QSL-100 quantum scalar irradiance meter (Biospherical Instruments, Incorporated). After 7-10 days, we monitored CA83-hph transgene expression by visual inspection for large seedlings. We assayed putative hygromycin-resistant seedlings for CABS-uidA transgene expression by snipping off a cotyledon and staining it for GUS activity (Jefferson et al., 1986) . The remainder of the seedling was transferred to a fresh plate lacking Norflurazon and allowed to recover and self-propagate.
All our mutant screens included two negative controls: nontransgenic wild-type and wild-type pOCA107-2 plants. As a positive control, we included pHG1 plants carrying a transgenic construct similar to pOCAlO7, but in which the Arabidopsis PAL1 promoter replaces the CA63 promoters (S. Ohl, B. Kraft, J. C., and C. J. Lamb, unpublished data). PAL7 expression occurs in roots, hypocotyls, and cotyledons and is insensitive to photobleaching. We initially used these three controls to optimize the screening conditions for ease of screening and maximal plant recovery and fertility.
In subsequent screens we incorporated two modifications. First, we shortened the period of Norflurazon treatment to 5 days to achieve an improved rate of recovery and fertility. Second, we added a formaldehyde fixation step to prevent recovery from photobleaching during the overnight staining procedure for GUS activity (Jefferson et al., 1986) . With these changes we now observe far fewer false positive plants.
In experiments to assess RNA accumulation in the dark or the transition from etiolated to light-grown development, seeds were plated as described above and then given a 12 hr light treatment before they were transferred to the dark. In the greening experiments, dark-grown plants were moved to continuous white light for the indicated periods. RNA from dark-adapted plants was extracted from plants grown on MS agar lacking sucrose for 14 days with 16 hr of light per day and then were transferred to the dark for the indicated times.
GUS Activity Assays GUS activity was assayed in seedlings grown on plates as described above. For histochemical staining, tissue was harvested, fixed, and incubated overnight at 37'C in 1 mglml X-GLUC (Jefferson et al., 1986) . For quantitative GUS assays, harvested tissues were frozen, ground in extraction buffer, and assayed as previously described (Jefferson et al , 1986 ).
Light and Electron Microscopy
of Plastid Development Seedlings were grown on MS plates, with or without Norflurazon, for 7 days or as described above. Cotyledons were harvested and fixed for 2-3 hr in 5% gluteraldehyde in 0.1 M sodium phosphate buffer (pH 7.2) with gentle vacuum infiltration. The tissue was buffer rinsed, postfixed in buffered 2% osmium tetraoxide, buffer rinsed again, dehydrated in ethanol, and then embedded in Spurr's resin. Sections (1 vrn thick) were cut, stained with toluidine blue, and examined by light microscopy. Thin sections of -0.1 pm werestained with uranyl acetate and lead citrate or with bismuth subnitrate and were examined on a Zeiss EM-IOB or Philips 300 electron microscope.
Northern Analysis Plant tissue was harvested, and the RNA was extracted and analyzed on Northern blots as previously described . The hybridization probes used were previously described (Chory et al., 1989a) .
Pigment Analysis
Chlorophyll and carotenoid pigments were extracted in 80% acetone from tissue frozen and ground to a fine powder in liquid nitrogen. Pigment determinations were made spectrophotometrically using the equations of Lichtenthaler (1987) .
